ABSTRACT: Diabetes mellitus (DM) is an important factor in intervertebral disc degeneration (IDD). Apoptosis of cartilage endplate (CEP) cells is one of the initiators of IDD. However, the effects of high glucose on CEP cells are still unknown. Therefore, we conducted the present study to evaluate the effects of high glucose on CEP cells and to identify the mechanisms of those effects. Rat CEP cells were isolated and cultured in 10% foetal bovine serum (FBS, normal control) or high-glucose medium (10% FBS þ 0.1 M glucose or 10% FBS þ 0.2 M glucose, experimental conditions) for 1 or 3 days. In addition, CEP cells were treated with 0.2 M glucose for 3 days in the presence or absence of alpha-lipoic acid (ALA, 0.15 M). Flow cytometry was performed to identify and quantify the degree of apoptosis. The expression of reactive oxygen species (ROS) was assessed by flow cytometry, and mitochondrial damage (mitochondrial membrane potential) was assessed by fluorescence microscopy. Furthermore, the expression levels of cleaved caspase-3, cleaved caspase-9, Bcl-2, Bax, and cytochrome c were evaluated by Western blotting. High glucose significantly increased apoptosis and ROS accumulation in CEP cells in a dose-and time-dependent manner. Meanwhile, a disrupted mitochondrial membrane potential was detected in rat CEP cells cultured in the two high glucose concentrations. Incubating in high glucose enhanced the expression levels of cleaved caspase-3, cleaved caspase-9, Bax, and cytochrome c but decreased the level of the anti-apoptotic protein Bcl-2. ALA inhibited the expression of cleaved caspase-3, cleaved caspase-9, Bax, and cytochrome c but enhanced the expression of Bcl-2. ALA also prevented disruption of the mitochondrial membrane potential in CEP cells. This study demonstrates that high glucose-induced excessive reactive oxygen species promote mitochondrial damage, thus causing apoptosis in rat CEP cells in a dose-and time-dependent manner. ALA could prevent mitochondrial damage and apoptosis caused by high glucose in CEP cells. The results suggest that appropriate blood glucose control may be the key to preventing IDD in diabetic patients. ß
Diabetes mellitus (DM) is a systemic metabolic disease that affects almost every organ.
1,2 Increasing evidence shows that DM plays a crucial role in intervertebral disc degeneration (IDD). [3] [4] [5] The incidence of intervertebral disc disease is significantly higher in diabetic patients than in non-diabetic patients. 6 Therefore, clarifying the mechanism by which DM causes IDD is essential to the treatment of diabetes-induced IDD.
Intervertebral discs connect each of the vertebral bodies in the spine and include an endplate, nucleus pulposus (NP), and annulus fibrosus (AF). The endplates are located at the top and bottom of the vertebral bodies and distribute the compressive load across the vertebral body. Many studies have demonstrated that endplates have a certain number of capillaries, which are extremely important for nutritional supply to the intervertebral discs. Degeneration of the endplate is thought to be an initiating factor of IDD since it can hinder the transport of nutrients. [7] [8] [9] A previous study by Fields reported that endplate degeneration such as endplate sclerosis, increased endplate thickness and decreased endplate porosity can be observed in type 2 diabetic rat. 10 Many studies have demonstrated that the apoptosis of cartilage endplate (CEP) cells plays an important role in CEP degeneration. 11 However, to date, few studies have investigated the effect of diabetes on the CEP, especially at the cellular level.
Reactive oxygen species (ROS) is a general term for molecules containing oxygen atoms and possessing strong oxidizing properties. The electron transport chain on the mitochondrial inner membrane is the most important site of intracellular ROS production. Many studies have demonstrated that high blood glucose levels can lead to excessive ROS production in the body. 12, 13 High concentrations of ROS lead to harmful pathological effects and can trigger intracellular oxidative stress directly on proteins, lipids and DNA, resulting in oxidative damage. 14, 15 Recent studies have also reported that oxidative stress is associated with IDD. Excess ROS can reduce proteoglycan synthesis and promote the overexpression of matrix metalloproteinases in the intervertebral disc matrix, thereby disrupting the homeostasis of the intervertebral disc matrix and ultimately impairing intervertebral disc cells. 16, 17 Increased oxidative stress was observed in the disc endplates of diabetic rats. 10 One study also indicated that oxidative stress resulting from overproduction of ROS increased in degenerative vertebral endplates in patients with low back pain and Conflicts of interest: On behalf of all authors, the corresponding author states that there is no conflict of interest. Zengxin Jiang and Wei Lu as first authors have contributed equally to this work. Correspondence to: Jingping Wu (T: þ86-18930819888; F: þ86-21 67226910; E-mail: jsyygk@126.com) Modic changes. 18 However, whether the duration and severity of DM affect CEP degeneration or how these variables contribute to the CEP alterations remain unclear. Therefore, we conducted this study to investigate the effects of high glucose on CEP cells and the mechanisms of these effects.
MATERIALS AND METHODS
Rat CEP Cell Culture and Treatment Intervertebral discs (L1-L6) were harvested from three 6-month-old male Sprague-Dawley rats (SpD rats). Under a microscope, CEPs were carefully separated from the AF and NP. CEPs were washed with phosphate-buffered saline (PBS, Beyotime, Nantong, Jiangsu, China) and were cut into small pieces. The CEP pieces were digested with 0.25% trypsin (Sigma, St. Louis, MO) for 2 h and then treated with 0.02% collagenase type II (Sigma) at 37˚C with shaking overnight. The CEP cells were subcultured in Dulbecco's modified Eagle's medium (DMEM, 4,500 mg/L Glucose, Gibco, Grand Island, NY) supplemented with 10% FBS (Gibco) in an atmosphere of 5% CO 2 at 37˚C. After the second culture passage following isolation, the cells were plated onto 6-well culture plates for the experiments. After CEP cells reached approximately 90% confluence, they were cultured in 10% FBS (0.025M glucose, normal control) or high-glucose medium (10% FBS þ 0.1 M glucose or 10% FBS þ 0.2 M glucose) for one day and three days. In addition, Alpha-lipoic acid (ALA, purity >99.5%, Sigma) was used in anti-oxidant therapy experiments. CEP cells were cultured with 0.2 M glucose and 0.2 M glucose plus 0.15M ALA. All glucose concentrations were the final concentrations of the solution. All animal experiments were approved by the Ethics Committee on Animal Experiments of Fudan University.
Determination of Apoptosis in CEP Cells
Hyperglycaemia may be an important factor in CEP degeneration. Therefore, flow cytometry was used to measure the effects of high glucose on CEP apoptosis in rats.
CEP cell apoptosis was determined using the Annexin Vfluorescein isothiocyanate (FITC)/propidium iodide(PI) Apoptosis Detection Kit (KeyGen Biotech, Nanjing, Jiangsu, China). The CEP cells were digested with EDTA-free trypsin, washed twice with PBS and then resuspended in 100 ml of binding buffer. A portion of the cell suspension ($100 ml) was homogeneously mixed with 5 ml of Annexin V-FITC and 5 ml of the PI-stain solution and then incubated at room temperature for 15 min. The mixtures were diluted in 400 ml of binding buffer and analysed by Fluorescence Associated Cell Sorter Scan (FACScan, Becton Dickinson, San, Jose, California) within an hour.
Intracellular ROS Determination
To measure the intracellular ROS levels of CEP cells, 2 0 ,7 0 -Dichlorodihydrofluorescein diacetate (DCFH-DA) was used. DCFH-DA easily passes through the cell membrane. After entering the cells, DCFH-DA is hydrolysed by esterases in cells to produce 2 0 ,7 0 -dichlorodihydrofluorescein (DCFH), which does not permeate the cell membrane. Non-fluorescent DCFH is oxidized by intracellular ROS to produce fluorescent 2 0 ,7 0 -dichlorofluorescein (DCF). The DCFH-DA solution was prepared at a concentration of 10 mmol/L with serumfree medium. CEP cells were collected and resuspended in DCFH-DA solution and incubated at 37˚C for 20 min. The CEP cells were rinsed three times with serum-free cell culture medium to completely remove extracellular DCFH-DA. Flow cytometry was used to detect ROS levels with an excitation wavelength of 485 nm and an emission wavelength of 530 nm.
Mitochondrial Membrane Potential (Dwm) Determination
A JC-1 mitochondrial membrane potential assay kit (Beyotime) was used to evaluate the Dwm of CEP cells. Cells were harvested and resuspended in JC-1 working buffer and incubated at 37˚C for 20 min. The cells were washed twice with JC-1 staining buffer and then resuspended in JC-1 staining buffer. The stained cells were observed by fluorescence microscopy. Normal mitochondria present a red colour, while mitochondria with reduced membrane potential have a green color. Cells with low membrane potential were quantified by counting 200 cells per microscopic field (100Â) in six fields in each sample under a fluorescence microscope.
Western Blot Assay
The expression levels of various proteins involved in the mitochondrial apoptotic pathway (cleaved caspase-3, cleaved caspase-9, Bcl-2, Bax, and cytochrome c) were measured by Western blot. ß-Actin was used as the internal control. After treatment, CEP cells were washed with ice-cold PBS and lysed in radioimmunoprecipitation assay (RIPA) buffer (Beyotime). The lysates were centrifuged (12,000g, 4˚C and 15 min), and the supernatant was removed. Protein concentrations were measured using a bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific, Inc., Waltham, MA). Protein samples (20 mg total protein) were electrophoresed on 12% sodium dodecyl sulphate-polyacrylamide gels and then transferred to nitrocellulose membranes (Thermo). Immune complexes were formed by incubating the membranes with primary rabbit antibodies against ß-actin, cleaved caspase-3, cleaved caspase-9, Bcl-2, Bax and cytochrome c (Cell Signaling Technology, Inc., Danvers, MA). After washing and incubation for 1 h with secondary antibody, an enhanced chemiluminescence system (Biosciences, Amersham, UK) was used to visualize the specific protein bands.
Statistical Analysis
Three biological replicates were conducted in all experiments. Data are presented as the means AE standard deviation (SD). Statistical analyses were performed using SPSS 19.0 software. Statistical comparisons among different groups were performed using one-way ANOVA. The results were considered statistically significant if p < 0.05.
RESULTS

Apoptotic Effect of High Glucose on Rat CEP Cells
We found that high glucose concentrations induce apoptosis in rat CEP cells by flow cytometry (Fig. 1A) . At the same culture time (24 or 72 h), the apoptosis rates in the high-glucose groups (0.1 and 0.2 M) were significantly higher than those in the control group, while the apoptosis rates in the 0.2 M group were also significantly higher than those in the 0.1 M group, indicating that high-glucose conditions induced apoptosis in rat CEP cells in a concentration-dependent manner. The apoptosis rates of CEP cells cultured for 72 h were higher than those of cells cultured for 24 h at the same high glucose concentration (0.1 or 0.2 M), HIGH GLUCOSE-INDUCED IN RAT CARTILAGE ENDPLATE CELLS indicating that this increase in apoptosis was timedependent (Fig. 1B) .
Increased Levels of ROS in Rat CEP Cells Cultured With High Glucose
We examined DCFH-DA-stained cells by flow cytometry ( Fig. 2A) and found that the level of ROS was significantly increased in rat CEP cells cultured with high glucose. At the same culture time (24 or 72 h), the geometric mean fluorescence intensity (Fig. 2B ) and the rate of positive cells (Fig. 2C) in the high-glucose groups (0.1 and 0.2 M) were both higher than those in the control group, while those in the 0.2 M group were also significantly higher than those in the 0.1 M group, indicating that high glucose concentrations increased the level of ROS in rat CEP cells dose-dependently. The geometric mean fluorescence intensity (Fig. 2B ) and the rate of positive cells (Fig. 2C ) in the 72-h group were also obviously higher than those in the 24-h group when CEP cells were cultured with the same glucose concentration (0.1 or 0.2 M), indicating that the increase in ROS was time-dependent.
High Glucose Concentrations Induce Mitochondrial Damage in Rat CEP Cells
Reduced mitochondrial membrane potential (green) was observed by fluorescence microscopy in CEP cells treated with high glucose for 1 (Fig. 3A) or 3 days (Fig. 3B) , indicating the presence of mitochondrial damage. The control groups showed red fluorescence. At the same culture time (24 or 72 h), the number of cells with low mitochondrial membrane potential in the high-glucose groups (0.1 and 0.2 M) was significantly increased compared to that in the control group, while the number of positive cells in the 0.2 M group was also significantly greater than that in the 0.1 M group, showing that high-glucose conditions induced mitochondrial damage in rat CEP cells concentrationdependently. The rate of positive cells in the 72-h group was higher than that in the 24-h group at the same glucose concentration (0.1 or 0.2 M), indicating 
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that this damage was time-dependent (Fig. 3C) . In addition, the number of CEP cells with low mitochondrial membrane potential decreased when treated with ALA ( Fig. 3D and E) .
Effects of High Glucose on the Expression Levels of Apoptosis-Related Proteins
High glucose concentration enhanced the expression levels of cleaved caspase-3, cleaved caspase-9, Bax, and cytochrome c but decreased the expression level of Bcl-2 (Fig. 4A) . Western blot analysis showed that after treating rat CEP cells with both high glucose concentrations, the expression levels of cleaved caspase-3, cleaved caspase-9, Bax, and cytochrome c increased, but Bcl-2 expression decreased in a dose-and time-dependent manner (Fig. 4B ). In addition, no significant difference was observed in the expression level of Bcl-2 between CEP cells treated with 0.2 M glucose for 1 day and those treated for three days (p ¼ 0.956). ALA inhibited the expression of cleaved caspase-3, cleaved caspase-9, Bax, and cytochrome c but enhanced the expression of Bcl-2 in CEP cells treated with 0.2 M glucose for 3 days (Fig. 4C-E) .
DISCUSSION
The current study shows that high glucose concentrations induce apoptosis in rat CEP cells in a concentration-and time-dependent manner. The experiments also demonstrate that high glucose concentrations induce ROS production in rat CEP cells in a concentration-and time-dependent manner and that excessive ROS leads to mitochondrial damage in CEP cells characterized by disrupted mitochondrial membrane potential. Finally, incubation with high glucose enhances the expression levels of cleaved caspase-3, cleaved caspase-9, Bax, and cytochrome c but inhibits the expression of Bcl-2 in a concentration-and timedependent manner, resulting in apoptosis of rat CEP cells. ALA, an essential cofactor of mitochondrial respiratory enzymes, is recognized as a natural antioxidant. 19 We used ALA to explore whether antioxidant adminis- In general, the excessive ROS production induced by high glucose promotes rat CEP cell apoptosis in a concentration-and time-dependent manner through mitochondrial damage and ALA could prevent mitochondrial damage and apoptosis caused by high-glucose stimulation in CEP cells, suggesting that hyperglycaemia-induced oxidative stress may be closely related to IDD. Appropriate glycaemic control may be the key for preventing or delaying IDD in diabetic patients.
Diabetes, a systemic metabolic disease with a high incidence, predisposes patients to complicated, multiple organ tissue damage. Due to incomplete understanding of the underlying cause of IDD and the lack of prior funding, diabetes has not been proven to be a direct cause of IDD. However, some clinical studies have shown that diabetes has an important impact on disc degeneration. Sakellaridis prospectively compared the incidence of DM in 102 patients with intervertebral disc herniation to that of 98 patients with other indications for surgical treatment over the same period and found that the percentages of diabetic patients in the two groups were 32% and 13%, respectively.
Patients who undergo surgery for lumbar disc disease have a significantly higher incidence of DM than similar patients who undergo surgery for other reasons. This result cannot be explained by diagnostic uncertainties because no differences were observed in the results of the 102 patients who underwent surgery for lumbar disc disease. Diabetes mellitus must be a predisposing factor in patients who receive surgical treatment for lumbar disc degenerative diseases. 6 The intervertebral disc of diabetic patients degenerated more readily. The physiological function of the spinal column in diabetic patients was also significantly decreased compared to that of patients without diabetes.
In recent years, several basic research studies have demonstrated that high concentrations of glucose have an important impact on disc tissue and cells. Park found that NP cells from SpD rats cultured in high glucose were significantly more apoptotic. 20 Senescence in rat AF cells in a high glucose environment has also been observed. 21 CEP degeneration is considered the initiating factor for IDD. 22 Hyperglycaemia causes changes in the glucose concentration of body tissues due to the diffusion principle. The CEP is considered to be the only part of the intervertebral disc tissue with a certain number of end vessels. Therefore, compared with AF and NP cells, the CEP is more likely to be directly affected by high glucose levels. Clarifying the effect and mechanisms of hyperglycaemia on the CEP is significant. Fields conducted a study of 6-month-old lean SpD rats, obese SpD rats and obese University of California, Davis (UCD)-T2DM rats (eliminated the effects of obesity) and found that T2DM caused endplate sclerosis, increased endplate thickness, and decreased endplate porosity, 10 suggesting that hyperglycaemia may be one of the factors contributing to degeneration of the CEP. Prior to our experiments, the influence of high glucose concentration on CEP cells and the associated mechanisms had not been confirmed. Therefore, the current research was conducted to assess the effects of high glucose on CEP cells and the mechanisms of these alterations. Our study clearly demonstrated the effects of high glucose-induced excessive ROS production through mitochondrial damage on rat CEP cell apoptosis. Compared to the 10% FBS control group, the high glucose concentration groups showed significantly greater apoptosis of rat CEP cells, which was concentration-and time-dependent, suggesting that high glucose plays a role in promoting CEP cell apoptosis. In addition, in both high glucose groups, ROS production was significantly increased in a concentration-and time-dependent manner compared to that in the 10% FBS control groups. Similarly, high glucose concentration significantly disrupted the mitochondrial membrane potential in CEP cells, suggesting that high glucose can induce elevated levels of ROS in CEP cells. Hyperglycaemia has been confirmed to directly cause increased ROS generation. High glucose autoxidation can generate more • OH radicals. Enhanced metabolism of glucose through the polyol (sorbitol) pathway and increased production of advanced glycation end products (AGEs) in diabetes also promote the generation of ROS. 23 Mitochondria are the confirmed main source and target of ROS. High ROS levels can destroy mitochondrial membrane potential and impair mitochondrial function, including respiratory and oxidative phosphorylation, as well as mitochondrial permeability. A decrease in mitochondrial membrane potential is considered a landmark event in early cell apoptosis. Studies have shown that the effect of excess ROS on mitochondria may be related to the mitochondrial permeability transition pore (MPTP), a non-specific channel on Figure 4 . Western blot analysis demonstrated that in rat CEP cells incubated with high glucose, the expression of cleaved caspase-3, cleaved caspase-9, Bax, and cytochrome c was increased and the expression of Bcl-2 was reduced. These trends were concentration-and time-dependent (A and B). Western blot analysis showed that the expression levels of cleaved caspase-3, cleaved caspase-9, Bax, and cytochrome c were reduced and the expression level of Bcl-2 was increased in rat CEP cells incubated with 0.15 M ALA for 3 days (C-E 24, 25 In our study, the expression levels of cytochrome c, cleaved caspase-9, cleaved caspase-3, and Bax was positively correlated with high glucose concentration and treatment time, whereas the expression of anti-apoptotic protein Bcl-2 was significantly inhibited, suggesting that mitochondria-dependent apoptosis may be an important pathway for glucose-induced apoptosis in rat CEP cells. In addition, the mitochondrial damage and apoptosis caused by high glucose in CEP cells could be prevented by antioxidant administration, which provided more evidence for our conclusions. Therefore, we conclude that diabetes can enhance oxidative stress in rats, activate the CEP mitochondrial apoptosis pathway and ultimately lead to rat CEP cell apoptosis.
Our study explored the effect of high glucose level on the apoptosis of CEP cells in rats, but the influences of environmental changes on cells are multifaceted, including apoptosis, ageing, and necrosis. Our study does not fully reveal the effect of high glucose levels on CEP cells. Furthermore, oxidative stress-induced mitochondrial apoptosis may be important but may not be the only process involved in high glucose-induced CEP apoptosis. Besides, 0.025 M glucose was used as control in our study. Considering the different environments in vivo and in vitro for cells to grow, 0.1 and 0.2 M glucose are appropriate compared to the control group. We treated CEP cells with these concentrations of glucose and drew the conclusions. However, it is noteworthy that these conditions are only relatively suitable for in vitro cultured CEP cells. They are all above physiological levels. To be physiologically relevant, the effects of physiological glucose levels around 5 mM should be considered. Five millimolar glucose may result in less apoptosis of CEP cells, providing more evidences for our conclusions. But if it induces more apoptosis, we need to determine whether it is due to a relatively hypoglycemic state caused by 5 mM glucose compared to the most appropriate concentration in vitro or other reasons. Therefore, we will further examine the effects of 5 mM glucose on CEP cells.
The results of our experiments show that high glucose-induced excessive ROS production promotes apoptosis in a concentration-and time-dependent manner through mitochondrial damage in rat CEP cells. The results of previous studies and our current study suggest that diabetes may cause apoptosis in CEP cells through oxidative stress, thereby accelerating the degradation of CEPs and leading to IDD in diabetic patients. These results suggest that appropriate blood glucose control may be the key to preventing or delaying IDD in diabetic patients.
